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ABSTRACT

Cracking of concrete is a common problem with concrete structures such as bridge decks,
pavements and bridge rail. The Agency of Transportation (VTrans) has recently invested in
higher performing concrete mixes that are more impervious and has higher early strength.
VTrans has also begun to standardize on bare decks on bridge rehabilitation projects. Higher
strength concrete is more susceptible to cracking. With more decks being constructed with
exposed concrete, the risks of chlorides and other corrosives penetrating to the reinforcing may
lead to early deterioration. Additional moisture within the concrete may compound the
deterioration during freeze-thaw periods. These stressors lead to decreased strength, which
results in increased maintenance to ensure safety and durability, a reduction in the overall
aesthetics of the structures and a decrease in public confidence and support. With closer
attention made to the concrete mix by the addition of key admixtures, concrete may be able to
perform as desired with fewer resulting problems.

With 22 different concrete mix designs produced and tested for various concrete
properties, flexural and compressive strength, rapid chloride permeability and shrinkage, it is
clear that there are seven candidate designs, given the measured data, which could outperform
current VVTrans standards. To ensure successful performance of new mix designs, further testing
on each, with additional refining, a second phase of this project has been approved, with the
same testing parameters, to refine the chosen mix designs further. The refining of designs will
entail further optimization of aggregate gradations, as the industry has trended towards reporting
benefits of this, lowering only cement content to achieve design strength within 10% at 28 days
while other components remain unchanged in a mix, and include shrinkage control measures in
most if not all mixes.



INTRODUCTION

Cracking of concrete bridge decks has been an ongoing problem throughout the State of
Vermont. This problem is projected to be of increasing concern, as VTrans moves towards
specifying bare concrete decks on bridge rehabilitation projects. Cracking in concrete allows for
the penetration of chlorides and other corrosives resulting in deterioration of reinforcing.
Additionally, moisture may also penetrate more readily resulting in accelerated damage from
freeze thaw cycles in the form of scaling and spalling. These stressors lead to decreased
strength, which results in increased maintenance to ensure safety and durability, a reduction in
the overall aesthetics of the structures and a decrease in public confidence and support. The
ability to greatly reduce or eliminate the majority of the concrete deck cracking is important to
alleviate these concerns. The different materials that are incorporated into our standard concrete
mixes need to be analyzed to decrease crack susceptibility.

Generally, concrete is comprised of four basic elements, Portland cement, a fine
aggregate, a coarse aggregate and water. In many cases, pozzolans and admixtures are also
incorporated into the mix, for specific characteristics such as air entrainment, alkali-silica
reactivity (ASR) abatement and lower permeability. It should be noted that “high performance,”
or HP, mixes were introduced in the 1990’s in an effort to stop Alkali- Silica-Reactivity distress
in concrete, where a portion of the cement is substituted with mineral admixture and/or
microsilica. Additional traits of HP mixes are their high strengths and projected durability
characteristics. The State of Vermont allows several different options for the proportioning of
high performance concrete compositions. Once thoroughly mixed, this matrix is poured into
forms, around reinforcing, and then vibrated until properly consolidated. Sections that will be
visible are usually finished to proper surface character, contour and elevation. Finally, the cast
concrete cures for strength gain, improved durability and enhanced resistance to wear. Curing is
essential for optimum performance and is typically accomplished through a wet curing process
where the concrete is flooded, ponded or mist sprayed as well as some cover to retain water and
reduce wicking of moisture to the surface. Ambient air temperature is another important
parameter as higher temperatures increase the rate of strength gain and potential for premature
drying of concrete leading to surface cracking.

While there are many causes for cracking in concrete, shrinkage cracking is most
common. Generally, concrete is mixed with more water than is needed to hydrate the cement.
As the cement begins to cure, water molecules are stored in numerous microscopic pores that
develop throughout the initially soft concrete matrix. The water molecules are rapidly consumed
during the beginning stages of the hydration process. As the water molecules are integrated into
the crystalline matrix of the concrete, they leave the pores, creating a surface tension at the
water/pore surface interface. This causes an inward directed force that tries to collapse the pore
into itself, resulting with very slight contraction of the pore while the concrete is still soft. Once



the concrete hardens, the contraction ceases. The cumulative effect of every pore contracting
during the curing process is what causes the overall shrinkage to occur.

Shrinkage of the concrete in bridge superstructure elements is restrained by reinforcing
thereby causing tensile strengths to develop within the hardened concrete. The location of
shrinkage cracking can be controlled by the placement of construction joints. Such joints are not
utilized along the length of bridge decks. Even when they are incorporated into the design for
non-deck applications, cracking has often been observed between construction joints.

Objective

The objective of this research initiative was to examine a series of differing concrete mix
designs to begin the process of selecting an optimum design for exposed concrete bridge decks
as well as other concrete structures. The intension was to lower the amount of cracking that is
present on bridge decks. Hardened concrete test specimens were produced from test batches
using nine separate concrete mixes. These were tested using a prescribed methodology.
Cracking was reduced either by using a single or a combination of shrinkage-control agents,
aggregate proportioning, by reducing the amount of cementitious material or a blending of
remedies. Lower cementitious materials could require a reduction of the total volume of mix
water, based on the current water/cementitious ratios. Laboratory testing of this type is needed
in order to provide a basis for support for moving forward with full-scale trials using one or more
of the previously mentioned mix adjustment combination.

Mixes that were explored fall within three groups:

e Group 1: All high performance concrete (HPC) Class B mix designs
e Group 2: All HPC Class A mix designs
e Group 3: All HPC Class AA mix designs

The original work plan was to concentrate only on HPC A and B. Projects requiring a
HPC Class AA overlay justified exploring shrinkage reducing strategies for this class of concrete
as well. Providing an overlay mix free of cracks is important to keep water from intruding the
horizontal interface layer to the old concrete and causing delamination by freeze thaw action.

Each of these groups included various recipes of mixes. Each group contained a control
mix, which was the current standard mix used by VTrans in each HPC class. Some of the mixes
utilized a shrinkage-reducing admixture or a shrinkage compensating cementitious admixture (or
expansive cementitious admixture). The purpose of both of these was to find out how effective
both of these are at reducing or eliminating the amount of shrinkage that would occur within the
concrete during the curing process. In addition, some mixes incorporated various alterations to
the typical mix designs, such as including more mid-range aggregate, ranging from 3/8” to 1/4”
than in the control specimens. This was to provide a gradation with fewer gaps in order to
reduce the overall needed paste content. Other mixes used a course aggregate gradation (3/4” for
the HPC-A and HPC-B mixes.) Since it is suspected that silica fume contributes significantly to
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shrinkage in concrete, a few select mixes were designed without a silica fume addition. Six
experimental mixes include an engineered aggregate gradation for HPC-B.

Engineered aggregates comprise of a blend of a select set of aggregate sizes and amounts
to meet the Agency’s specifications precisely. According to Table 704.01A in the 2011 Standard
Specifications for Construction, the Agency defines how much of a particular size aggregate is
allowed to pass through certain sieves, see Table 1 and Figure 1. The amount passing each sieve
is expressed as a range of percentages. The Engineered gradation is the midpoint of each range.
Another way to view this is what the gradation would be in perfect conditions with no tolerances.

Table 1 Fine Aggregate for Concrete

Sieve Designation Perggrlztatl)g \I\//Iveeslghstis\?img Engineered Percentage
% inch 100 100
No. 4 95 to 100 97.5
No. 16 50 to 80 65
No. 30 25 to 60 42.5
No. 50 10to 30 20
No. 100 21010 6

Table 704.01A — 2011 Standard Specifications for Construction

120

100

80

60

Percentage

40

20

%inch No. 4 No. 16 No. 30 No. 50 No. 100
Sieve Size

— — —LowerRange  ~cwceecece Upper Range e Fngineered Percentage

Figure 1 Showing acceptable gradation vs. Engineered Gradation
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Testing was performed over time on prisms and cylinders produced from the specified
mixes to determine essential material properties including the shrinkage susceptibility of each
mix, permeability, compressive strength and Modulus of Elasticity. These tests are important,
not only to determine if the experimental mixes improve upon material properties of concern, but
also to make sure that other physical properties are not drastically impaired in the process.
Technicians also made note of how each mix finished and consolidated based off the reference
mix. A mix can be designed in the lab to optimize all the needed properties but if it cannot be
placed and finished with acceptable effort then it will not be accepted by industry.

The analysis of the testing data was intended to pinpoint and detail the factors that
contribute to decreasing the amount of shrinkage cracking in the concrete. Excessive cracking
due to other factors (other than shrinkage), was examined for causations and contributing
elements, such as excessive 28 day concrete strengths that lead to high moduli of elasticity and
very rigid concrete that will crack sooner when put into a deflection situation.

The analysis of these experimental alternatives included other factors, such as cost, long-
term durability, quality assurance, construction feasibility and probability of success.

At the conclusion of this project, it was apparent that further research was necessary. It
was felt that more refinements could be made to the most promising mixes for additional
optimization. It is anticipated that the mixes using an engineered aggregate will be used in a full-
scale test on future concrete bridge deck placements for further testing and observations. It was
expected that factors other than mix design would present themselves during the study, such as
changing other admixtures, placement or construction practices or excessive 28-day strength.

EXPERIMENTAL METHODS AND DATA COLLECTION

Concrete Batching and Sample Preparation

All concrete batches were produced at the Materials and Research laboratory by the
Structural Concrete Unit with the use of a small lab concrete mixer. Prior to full batch
production, a ‘butter batch’ was mixed consisting of a scaled down version of the mix design in
an effort to coat the mixer with paste so that none was lost from the full batch to create the most
homogeneous final product possible. The butter batch, once completed, was discarded. In
general, two batches of near identical formulation were produced on the same day, again in an
effort to reduce potential variables. In addition to the batches that were incorporated into this
study, supplemental test batches were made in order to focus on particular admixture dosages.

To eliminate as many variables as possible, the material sources were kept as consistent
as possible between the different mixes. There were some variations, for example, the optimized



gradation mixes that were used included some aggregates from other sources in order to get the
grading needed. Most of the % coarse aggregate was from the Frank W. Whitcomb source in
Colchester, VT, while most of the fine aggregate was from the Nadeau source in Johnson, VT,
collected from Carroll Concrete located on Grainger Road in Berlin VT. Cement for all batches
came from Lafarge in St. Constant Quebec, and was collected from Carroll Concrete located on
Route 12A in West Lebanon, NH. Consistent air entrainment and water reducing admixtures
were also used throughout most of the study batches, with Darex 1l and ADVA 190, both from
W.R. Grace, being used, respectively. For two batches, Micro-Air and Glenium 7500, both from
BASF, were used. Four mixes contain shrinkage control measures, with two mixes incorporating
a liquid admixture, W.R. Grace’s Eclipse 4500 and two with type G expansive cement replacing
a portion of standard cement, CompCon produced by ShrinkageComp Plus Inc.

During the study, the research team chose to include a ternary cement product called
Tercem. This is a blended hydraulic cement product that “provides superior strength and
durability” (1). The material provides better alkali reactivity prevention and provides better
freeze-thaw protection. More local concrete suppliers have begun to replace standard portland
cement with Tercem. The research team felt that the use of Tercem in the study would be
advantageous in the mix comparisons. Two HPC B mixes were chosen for the evaluation.

Once each batch was mixed, air content, slump, W/C ratio, and unit weight
measurements were taken, as prescribed below. In order to complete all the desired testing, three
47x47x11%4” prism forms, two 3”x3”x16” prism forms and ten 4”’x8” cylinder forms were filled,
comprising the test batch. All test specimens were placed in a fog room for curing.

Description of Admixtures

Air-entrainment — This admixture contains surfactants, which reduces the surface tension
between the air and water interface within the cement paste. The entrapped air caused from
mixing the concrete then stabilizes thereby creating very small and uniform air bubbles. Air
entrainment protects the concrete from freezing, thawing and severe weathering (2).

Water Reducing — Where water aids in workability, it also allows for separation and
sedimentation of the particles in a concrete mix. The reduction of water may aid in the
uniformity of the mix; however, it can negatively affect the concrete’s workability. Water-
reducing or plasticizing admixtures allow for low viscous concrete flow, while keeping the water
content low. Lowering the water to cement ratio will also aid in limiting shrinkage (3).

Shrinkage Reducing — Similar to air-entrainment admixtures, this admixture changes the
surface tension between the water and pore wall interface. This reduces the inward directed
force on the pore walls, thereby reducing the tendency of the pore to slightly collapse into itself.
The resulting cumulative shrinkage will then be reduced (4).

Expansive Cement — During initial cure, there is an expansion within the concrete matrix.
This expansion is contained within the form causing a compressive force on the concrete matrix
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including the pores. As hydration continues, the typical shrinkage mechanism continues, thereby
reducing the compressive forces within the pores. Since, the concrete matrix does not go onto
tension or the tensile forces are significantly reduced; cracking can be eliminated or reduced. (5)

Description of Test Batches

Table 2 displays the composition of the mixes, with amount of aggregate, cement, and
admixtures included. The first column shows an identifying number for use as a key designator,
to make referring to a specific mix easier throughout this document. Table A2 in the appendix
lists specific notes that the production technicians had related to the mixes during and after
batching.

In all, eleven high performance concrete (HPC) Class B mixes were produced, three
Class A, and eight Class AA. Within each group, various proportions of coarse versus fine
aggregate, cement percentages, and cement types were tested, along with four mixes having an
expansive cement or shrinkage controlling admixture added. The first mix in each group (Key 1,
12, and 15, with the designation of “C”) were proportioned to match standard VTrans concrete
mix designs, and therefore will be considered the control designs for analysis purposes.

Table 2 Concrete mix design composition.

Coarse Fine Cement Air Water
Key Type Aggregate Aggregate (Iblyd3) Entrainer Reducer Shrinkage Control
(Ib/lyd3) (Ib/yd3) (oz/yd3) (oz/cwt)
C1 HPC B 1654 1385 610 25 4.7
2 HPC B 1636 1454 551 3.4 8.0
3 HPC B 1845 1175 610 4.8 7.0
4 HPC B 1627/206 1283 563 5.3 10.3
5 HPC B 1654 1385 610 7.5 5.0 314.0 ml admixture
6 HPC B 1654 1385 610 3.2 5.8 3.4 Ib expansive cement
7 HPC B 1636 1454 551 2.9 10.0
8 HPC B 1636 1454 612 4.3 5.7
9 HPC B 1551 1620 564 2.9 5.1
10 HPC B 1517 1558 611 3.1 5.3
11 HPC B 1641 1297 611 1.5 4.6
C12 HPC A 1654 1294 659 6.3 6.5
13 HPC A 1654 1294 659 15.8 6.0 314.0 ml admixture
14 HPC A 1654 1294 659 6.7 6.7 3.7 Ib expansive cement
C15 | HPC AA 1350 1519 706 4.5 6.2
16 HPC AA 1449 1503 610 4.0 8.0
17 HPC AA 1449 1606 610 4.0 8.5
18 HPC AA 1499 1557 610 4.2 8.3
19 HPC AA 1499 1557 610 4.0 8.5
20 HPC AA 1499 1557 610 4.4 8.2
21 HPC AA 1561 1633 551 6.5 10.5
22 HPC AA 1652 1319 610 4.3 8.5
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Of particular importance in Table 2 is the cement content. Within this project, a primary
focus was to try to find a mix design that could be reliably used in the field that could contain a
lower amount of cement than our standard mixes. In general, the lower amount of cement in
concrete leads to a less total water volume, i.e. theoretically less shrinkage of the structure.

Concrete Testing

Four separate types of testing were performed on all prepared concrete samples. The first
type consisted of fresh concrete tests that are performed at the time of batching, which include
air content, slump, water to cement ratio, and the unit weight of the concrete. The second
through fourth type included compression and flexural strength testing at various days and rapid
chloride penetration testing at 56 days post casting. All tests are described in detail in the
following sections.

General Concrete Tests

Air Content
Air content determination was performed in accordance with AASHTO T 152 “Standard

Method of Test for Air Content of Freshly Mixed Concrete by the Pressure Method” (6). The air
content is found from identifying the change in volume of the concrete with a specified change in
pressure.

Slump
Slump testing was performed in accordance with AASHTO T 119 “Standard Method of

Test for Slump of Hydraulic Cement Concrete” (7). For this test, the freshly mixed concrete is
compacted into a frustum of a cone shape. The mold is removed allowing the concrete fall
freely. The distance between the original height of the mold and the new top of the concrete is
measured and is considered the slump of the concrete.

Unit Weight
The unit weight of the concrete was determined in accordance with AASHTO T 121

“Standard Method of Test for Density (Unit Weight), Yield and Air Content (Gravimetric) of
Concrete” (8). A container of known volume is filled with fresh concrete and weighed on a
calibrated scale. The recorded weight is divided by the known volume and the density of the
concrete determined.

W/C Ratio

The water to cementitious content ratio is determined via a straightforward calculation of
the total weight of water in the concrete divided by the total cementitious content of the concrete.

Compression Strength Test
Compressive strength is a vital component in determining the structural integrity of a
concrete bridge deck and is defined as the capacity of a material to withstand axially directed
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pushing forces. Concrete deterioration may result in a lower compressive strength than
originally designed.

Testing was performed in accordance with ASTM C39, “Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens” (9) and/or AASHTO T 22, “Standard
Method of Test for Compressive Strength of Cylindrical Concrete Specimens” (10). Each
cylinder is placed between two metal plates of a Tinius-Olsen machine. Computer commands
are used to apply an increasing uniform axial compressive force on the specimen until failure.

Testing was done at 3, 7, 14, and 28 days post casting. For each test reported, two
separate cylinders were tested and the average of the two taken to determine the compression
strength of the batch at that day.

Flexural Strength Test

Flexural strength and modulus of rupture determination is an important aspect of concrete
mix designs for concrete bridge decks, as the test attempts to simulate forces that are subjected to
bridge decks. This testing was done to see if the modulus of rupture values would be affected by
the concrete mix design variations. If values deviate significantly from assumed design values
then that may affect durability of structural designs for bridges.

Flexural strength testing was done in accordance with AASHTO T 97 “Standard Method
of Test for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading)” (11).
The apparatus for this test consists of two point supports, one on either end of the bar, and two
point forces, one each placed at one-third distances from the supports. The two point forces are
acted upon by the Tinius-Olsen machine at once, creating an equal force on both. The stress
applied needed to break the specimen is noted as the modulus of Rupture, R, in psi.

Testing was done on day 28 post casting. Two separate bars were tested and the average
of the two taken to determine the modulus of rupture of the concrete mix design.

Shrinkage Test
Shrinkage tests were performed to determine the percent length change that could be

expected from each of the mix designs, from factors other than applied forces or temperature
differences. The main source of length changes would be from the chemical process that occurs
within the concrete (hydration) during its curing period. Excessive length decreases could lead
to considerable cracking during the curing process when the concrete is used on a bridge deck.

Shrinkage testing was done in accordance with AASHTO T 160 “Standard Method of
Test for Length Change of Hardened Hydraulic Cement Mortar and Concrete” (12). Fresh
concrete was placed into the molds and allowed to cure for approximately 24 hours. The bars
were removed from the forms and wet cured in the fog room for 10 days to simulate the 10 wet
cure days in the field for superstructures. They were then stored in the cement lab in which the
humidity is above 50% and temperature kept around 72F. On the day of the readings, the bars
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were placed in buckets filled with lime-saturated water for 30 minutes in an effort to eliminate
length changes due to temperature differences. The buckets filled with lime-saturated water
were kept in the fog room. The fog room temperature is kept between 69.8 and 77°F. After the
30-minute period, the bars were removed and their length measured.

Length measurements were taken on day 2, 3, 7, 10, 14, 17, 21, 28, 42 and 56. Three
separate bars were tested and the average of the three taken to determine the percent shrinkage of
the concrete mix design.

Rapid Chloride Penetration Test

The determination of a concrete’s ability to withstand the penetration of chloride ions is
of utmost importance on a bridge deck. A concrete that more freely allows the passage of these
ions into its surface, and ultimately to the reinforcing steel, will more readily deteriorate and
exhibit a shorter lifespan.

Testing was performed in accordance with AASHTO T 277, “Standard Method of Test
for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration” (13). The
basis of this method is a six-hour monitoring period of the amount of electrical current that
passes through 2-inch thick slices of the concrete cylinders. A 60 V dc potential difference is
maintained between two slices of the cylinder, one of which is submerged in a sodium chloride
solution while the other in a sodium hydroxide solution. The ability of the specimen to resist
chloride ion penetration is related to the total charge passed, in coulombs, between the samples.
Samples are moist cured for 56 days prior to this testing. For each test, two separate cylinders
were tested and the average of the two taken to determine (estimate) the chloride ion
penetrability of the batch for that mix.

Results are reported as a qualitative rather than quantitative determination. According to
the test method, the terms presented below in Table 3 should be used when assessing the
potential for a concrete to pass chloride ions.

Table 3 Chloride ion penetrability based on charge passed.

Charge Passed Chloride lon
(Coulombs) Penetrability
>4000 High
>2000 - 4000 Moderate
>1000 - 2000 Low
100 - 1000 Very Low
<100 Negligible
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RESULTS AND ANALYSIS

Table 4 and Table 5 and show the results of all testing methods used, as described
previously. All values represent the averaged values (minimum of two) within each mix design.
Table 4 displays the air contents and slump measurements for each batch. VTrans’
specifications say that slump values for these classes of concrete should be a maximum of 7
inches. Four mixes, 3, 7, 8 and 16 had a greater slump than the specification. Specifications also
dictate that the concrete should have an air content of 7.0 = 1.5. Five mixes, 4, 6, 17, 21 and 22
fell below this range. Historically slump had good correlation to w/c ratio, but admixture usage
has effectively nullified the correlation.

Table 4 Concrete mix design general concrete measurements.

Key | Air Content Sl(lijr?;p Wi/C Un('ltb\//)\//g;?ht
C1 6.1 5.8 0.47 141.4
2 5.8 5.3 0.51 142.9
3 5.9 7.5 0.47 141.4
4 3.3 6.4 0.40 147.5
5 6.0 5.3 0.43 141.6
6 5.4 6.1 0.47 142.2
7 6.7 7.5 0.40 144.5
8 6.7 8.0 0.45 137.1
9 6.4 5.1 0.44 146.9
10 6.0 5.9 0.44 145.9
11 6.3 5.9 0.38 145.6
C12 6.2 6.4 0.39 141.6
13 6.4 6.5 0.40 141.7
14 6.4 4.0 0.40 141.3
C15 7.4 5.9 0.44 139.0
16 7.0 7.4 0.46 139.5
17 5.3 5.8 0.48 141.7
18 7.1 6.7 0.48 138.4
19 6.0 6.8 0.46 140.1
20 7.7 6.6 0.49 1375
21 5.2 7.5 0.49 141.3
22 5.2 3.0 0.46 143.1

Table 5 lists all flexural and compressive strength and rapid chloride permeability (RCP)
results. From Table 3, a RCP of between 100 and 1000 is considered very low. All test batches
fell within this range, except one that registered just above 1000 (in the low category). This
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indicates that all mix designs produced can be considered at virtually no risk for normal chloride
intrusion given an un-cracked, flaw-free structure.

Table 5 Concrete mix design strength and RCP measurements.

Flexural RCP Compression Strength (psi) 28 Day
Key | Strength (Coulomb) | D Design
(psi) ay 3 Day 7 Day 14 Day 28 Strength

C1 902 608 3468 4574 5292 6218 3500

2 993 472 3930 5133 6138 7013

3 658 567 3705 4975 6088 6833

4 980 409 3780 6028 7340 8290

5 1025 599 3320 4358 5625 6303

6 838 847 3288 4765 5325 6295

7 1033 391 3780 5615 6645 7440

8 890 1034 3608 3953 4590 5115

9 1018 538 4053 5178 5992 6704

10 977 502 4315 5904 6616 7474

11 914 756 3794 4536 5021 5581
C12 1030 562 4325 5590 6548 7205 4000
13 950 455 3730 5065 5915 6635

14 870 650 3838 5370 6230 7043
C15 1068 642 5255 5858 6795 7643 4000
16 1003 703 4995 5535 6618 7225

17 1040 676 5345 5660 6260 6995

18 813 738 4600 4962 5980 6738

19 995 749 5165 5290 6125 6405

20 723 733 4318 4798 5908 6905

21 855 846 3678 4480 5595 6485

22 1050 562 4968 5675 6738 7690

Typically, for compression strength, VTrans requires a minimum of 3,500 psi (HPC-B)
and 4,000 psi (HPC-A and AA) at 28 days. As can be seen in the table, all mixes substantially
exceeded these values at day 28 and, in fact, all mixes passed this threshold by day 7. This
means that no mixes designed will have trouble meeting the minimum thresholds. The mixes;
however, show excessive strength, which can result in more brittle and crack-susceptible
structures. For flexural strength, a typical minimum required for concrete is 600 psi. Every mix
produced easily exceeded this value, and therefore flexural strength is not a concern for failure
with these designs.

The extraordinary early strengths that are presented allow a contractor to work on the
green-cured concrete. The specification provides that subsequent loading of concrete may occur
at 85% of 28-day design strength provided cure is maintained. Every concrete tested met the
criteria to allow loading of the concrete as it cured. The early stage loading may present a risk of
increased cracking as a function of load transfer and creep.
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Figure 2 shows the percent length change for 11 different days measurements, based on
the original measured length. The data is shown in Appendix A. The figure shows the seven top
promising mixes and the three control mixes. Gaps in the data represent days when
measurements either could not be made or were performed incorrectly. Excessive shrinkage,
especially early age shrinkage, is a major contributor to the development of cracks within
concrete slabs or structures.

Shrinkage or Expansion Over 56 Days
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Figure 2 Shrinkage and Expansion of Control Mixes, Promising mixes as measured over 56
Days. (Top and bottom solid lines represent the extents with the bold dash line within the
chart representing the average of all mixes.)

Of all mixes, only two displayed no shrinkage throughout the 56 days of measurements,
mixes 5 and 6. These two HPC-B mixes had shrinkage control measures included. Mixes 13
and 14 were the two HPC-A that had the same shrinkage control measures, however they did not
exhibit the same positive results as 5 and 6, although through day 17 they exhibited a greatly
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reduced shrinkage than the control mix in that group, number 12. This would indicate that the
shrinkage control measures were doing an adequate job of controlling very early age shrinkage.
It is possible that a larger dose of shrinkage control measures would be required in HPC-A
concrete, as it requires more cement in the expansive zone.

For most of the mixes, however, there was a considerable amount of shrinkage. For
example, using mix 16 as an example (the mix that had the most shrinkage as of day 56) at
0.034% length loss would equate to approximately 7/16ths of an inch on a 100 foot slab, which
could result in severe cracking issues.

Numerous mixes exhibited greater shrinkage than their respective control mixes did. At
various points during the measurements (looking primarily at days 14 and 56 as reference), HPC-
B mixes 3, 4, 7, 8, 10, and 11 exceeded the shrinkage of control 1; and HPC-AA mixes 16, 18,
20, and 22 exceeded that of control 15.

When all of the above data and measurements are compiled, and mixes that exhibited
some form of deficiency as compared to specifications or to control mixes, 12 of the 19 mixes
can be eliminated from being considered an ‘optimized mix design’. This is not to say that they
truly are deficient or non-workable, but rather they simply cannot be considered as a best
alternative in this study. Table 6 below shows a summarized group of pertinent data from the
remaining mixes.

Throughout all of the groups, the greatest impact on test results was the addition of
shrinkage control measures within the HPC-B group, as seen in mixes 5 and 6 as compared to
C1. The same shrinkage control measures were applied to HPC-A mixes (13 and 14 compared
to C12), however they did not produce the same dramatic increase in performance. Mix 2
showed less shrinkage than C1 through most days; unfortunately, measurements are not available
for the final two measurement days, so a comparison at day 56 cannot be made. For HPC-AA
mixes, mix 19 performed the best as compared to C15; it performed better in shrinkage
throughout the first two weeks, but was near identical over the final six weeks.

CONCLUSION AND RECOMMENDATIONS

With 22 different concrete mix designs produced and tested for various concrete
properties, flexural and compressive strength, rapid chloride permeability and shrinkage, it is
clear that there are seven candidate designs, given the measured data, which could outperform
current VTrans standards, which were shown in Table 6. To ensure successful performance of
new mix designs, further testing on each, with additional refining, should be undertaken.
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Table 6 Summary of select concrete mix designs.

Coarse Fine Cement Flex 28-Day_ Day 14 Day 56
Key Agg Agg 3y | Strength | Compression . .
3 3y | (Iblyd?) . ; Shrinkage | Shrinkage
(Ib/yd®) | (Iblyd®) (psi) (psi)
C1l 1654 1385 610 902 6218 -0.005 -0.018
2 1636 1454 551 993 7013 -0.002
5 1654 1385 610 1025 6303 0.030 0.014
6 1654 1385 610 838 6295 0.027 0.004
9 1551 1620 564 1018 6704 -0.001 -0.018
C12 1654 1294 659 1030 7205 -0.006 -0.021
13 1654 1294 659 950 6635 -0.002 -0.018
14 1654 1294 659 870 7043 0.002 -0.020
C15 1350 1519 706 1068 7643 -0.006 -0.026
19 1499 1557 610 995 6405 -0.002 -0.025

With the increasing high early strength concretes being placed to allow construction
equipment on structures quicker, shrinkage control measures will become increasingly
beneficial. It is clear that, at least to some extent, the measures used in this study had
considerable impact on the length measurements of the bars during the short monitoring period.
If the effect on length measurements on laboratory bars is noticeable, it makes sense that the
length and volume changes on bridges and other structures could be impacted greatly with the
use of shrinkage control measures.

High early strength gain could be seen within the results of this study. Design strengths
at 28 days, according to Vermont Agency of Transportation specifications, are 3500 psi for Class
B concrete and 4000 psi for Class A and AA. All 22 of the test mix designs passed these
thresholds by seven days, and the majority had passed them by day three (eight of eleven for
Class B, one of three for Class A, and seven of eight for Class AA). Typically, it can be
expected to gain around 70% of the ultimate compressive strength of the concrete by day 7, 2450
and 2800 psi respectively; all designs in this study surpassed these levels by day 3. Further
consideration of reduced cementitious material is essential.

Since completion of this project, there has been further development by other groups.
One promising concept is with using lightweight fine aggregate by substituting a small portion of
the normal weight sand with lightweight fine aggregate. Lightweight aggregate is capable of
absorbing more water. This maintains a higher relative humidity within the concrete, thereby
allows water to be released into the concrete matrix over a longer duration to aid in the hydration
process. The result is a more complete hydration process of the cement and a reduction of
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concrete shrinkage. It is recommended that the addition of lightweight fine aggregate be
incorporated into the phase 11 trial mix testing as another possible means to mitigate shrinkage.

IMPLEMENTATION STRATEGY

A second phase of this project has been approved, with the same testing parameters, to
refine the chosen mix designs further. The refining of designs will entail further optimization of
aggregate gradations, as the industry has trended towards reporting benefits of this, lowering
only cement content to achieve design strength within 10% at 28 days while other components
remain unchanged in a mix, and include shrinkage control measures in most if not all mixes. An
additional aspect of the testing may be the production and measuring of a larger slab for length
measurements, perhaps a one by one yard slab, to replicate what may occur in an actual structure
better, versus the standard size of shrinkage bars. Ultimately, further testing would result in a
design candidate to be used in a demonstration bridge or structure. Actual design of the mix for
full-scale project assessment must be based on the location, materials and design demands for the
project. Once the results of the second phase are compiled, they will be distributed and
explained to pertinent sections of the Agency for future usage.
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Table A1 Concrete mix design length change measurements.

APPENDIX A - TABLES

A
@
<

Change in Length from Original by Day (%)

1 2 3 7 10 14 17 21 28 42 56
C1 | -0.002 | 0.000 | -0.003 | 0.028 | -0.001 | -0.005 | -0.012 | -0.015 | -0.015 | -0.023 | -0.018
2 0.000 | 0.000 | 0.000 | 0.001 | -0.001 | -0.002 | -0.013 | -0.014 | -0.012
3 0.000 | 0.000 | -0.002 | -0.002 | -0.011 | -0.015 | -0.012 | -0.027 | -0.033 -0.027
4 0.000 | 0.002 | 0.000 | 0.002 | -0.002 | -0.003 | -0.012 | -0.011 | -0.015 | -0.022 | -0.025
5 0.000 | 0.033| 0.030 | 0.083 | 0.032 | 0.030 | 0.027 0.021 | 0.015| 0.014
6 0.027 | 0.027 | 0.029 | 0.029 | 0.029 | 0.027 | 0.023 | 0.019 | 0.012 | 0.006 | 0.004
7 0.000 | 0.002 | -0.005 | -0.018 | -0.015 -0.014 | -0.017 | -0.025 | -0.028 | -0.031
8 0.000 | -0.003 | -0.003 | -0.005 | -0.004 | -0.010 | 0.003 | -0.004 | -0.003 | -0.006 | -0.014
9 0.000 | 0.001 | -0.001 | -0.001 | -0.001 | -0.001 | 0.001 | -0.001 | -0.006 | -0.014 | -0.018
10 0.000 | 0.000 | -0.001 0.000 | -0.005 | -0.005 | -0.011 | -0.016 | -0.017 | -0.023
11 0.000 | 0.000 | 0.001 | 0.000 | -0.001 | -0.013 | -0.012 | -0.013 | -0.023 | -0.018 | -0.029
Ci12 | -0.005 | -0.006 | -0.003 | -0.003 -0.006 | -0.024 | -0.011 | -0.013 | -0.019 | -0.021
13 0.002 | 0.002 | -0.004 | -0.008 | -0.002 | -0.002 | -0.001 | -0.004 | -0.017 | -0.013 | -0.018
14 0.000 | 0.002 | 0.002 | -0.003 | 0.003 | 0.002 | -0.008 | -0.009 | -0.013 | -0.015 | -0.020
C15 | 0.000 | -0.007 -0.005 | -0.006 | -0.006 | -0.013 | -0.014 | -0.021 | -0.028 | -0.026
16 0.001 | 0.001 | -0.002 | -0.005 | -0.008 | -0.011 | -0.018 | -0.021 | -0.026 | -0.024 | -0.034
17 0.000 | 0.001 | 0.002 | 0.003 | 0.002 | 0.001 | -0.009 | -0.010 | -0.017 | -0.022 | -0.023
18 0.000 | -0.006 | -0.003 | -0.004 | -0.008 | -0.011 | -0.018 | -0.021 | -0.020 | -0.032 | -0.027
19 0.000 | -0.003 | -0.003 | 0.008 | -0.002 | -0.002 | -0.012 | -0.012 | -0.020 | -0.029 | -0.025
20 0.000 | -0.007 -0.010 | -0.012 | -0.015 | -0.022 | -0.026 | -0.020 | -0.033 | -0.028
21 0.000 -0.010 | -0.002 | 0.000 | -0.002 | -0.009 | -0.014 | -0.019 | -0.024 | -0.018
22 0.000 -0.002 | -0.002 | -0.002 | -0.003 | -0.011 | -0.010 | -0.018 | -0.025 | -0.027

Gaps in the data represent days when measurements either could not be made or were performed incorrectly.
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Table A7 Concrete mix design list, including concrete type and general notes from

technicians at time of batching.

Key Type Description
C1 HPC B Normal VTrans proportion
2 HPC B Finished well, workable
3 HPC B Engineered but lacking correct 8-30 sieves, mixing worked ok
4 HPC B Engineered 3/4 and 3/8, boney hard to work, not much paste
5 HPC B With Eclipse 4500, shrinkage control admixture
6 HPC B With CompCon, expansive cement, 61 Ib cement replacement
7 HPC B Used BASF Master Builders admixtures instead of WR Grace
8 HPC B Engineered 1, Tercem
9 HPC B Engineered 2, Tercem
10 HPC B Engineered 3, Type Il and Flyash
11 HPC B Engineered 4, Type Il and Flyash
C12 HPC A Normal VTrans proportion
13 HPC A With Eclipse 4500, shrinkage control admixture
14 HPC A With CompCon, expansive cement, 66 Ib cement replacement
C15 HPC AA Normal VTrans proportion
16 HPC AA Sand-agg. 0.50, Volumetric
17 HPC AA Sand-agg. 0.52
18 HPC AA Higher stone than sand
19 HPC AA Sand-agg. 0.50, optimization program
20 HPC AA Higher air and slump to match what may be found in the field, sand-agg 0.5
21 HPC AA Sand-agg 0.51, on verge of segregating, water bleeding out, low cement
22 HPC AA Sand-agg. 0.44, stony, hard to work

Air entrainment admixture with Darex Il and water reducing admixture with ADVA 190 were used unless
otherwise noted.
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APPENDIX B — PRODUCT LITERATURE

ADVA 190, High-range Water-reducing Admixture — Grace Concrete Products.
DAREX Il AEA, Air-entrained Admixture — Grace Concrete Products.

ECLIPSE 4500, Shrinkage Reducing Admixture — Grace Concrete Products.
GLENIUM 7500, Full-range Water-reducing Admixture — Master Builders (BASF)
MICRO AIR, Air-entrained Admixture — Master Builders (BASF)

TERCEM 3000, Blended Hydraulic Cement — Lafarge NA
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ADVA 190, HIGH-RANGE WATER-REDUCING ADMIXTURE — GRACE CONCRETE
PRODUCTS.
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DAREX I AEA, AIR-ENTRAINED ADMIXTURE — GRACE CONCRETE PRODUCTS
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ECLIPSE 4500, SHRINKAGE REDUCING ADMIXTURE — GRACE CONCRETE
PRODUCTS
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GLENIUM 7500, FULL-RANGE WATER-REDUCING ADMIXTURE — MASTER
BUILDERS (BASF)

-33-









MICRO AIR, AIR-ENTRAINED ADMIXTURE — MASTER BUILDERS (BASF)
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TERCEM 3000, BLENDED HYDRAULIC CEMENT — LAFARGE NA
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Benefits of Tercem 3000° Blended Hydraulic Cement

e Superior 28 day strength

e Lower permeability

e Reduced bleeding

e Increased resistance to ASR

e Increased resistance to sulfate attack
e Improved durability

e Only one silo required

e Better finishability

Graphical data presented represents results generated in Lafarge’s laboratories.
Individual results may vary and should be confirmed if specific properties are desired.

Product claims are based on proper use in accordance with recognized industry
standards. Contact your Lafarge North America representative for assistance.
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Lafarge Blended Cements provide a
significant contribution to sustainable
construction. The use of these materials
in concrete production consumes less
energy and offers improved efficiency and
building performance. These materials
can also be used to help achieve LEED
(Leadership in Energy and Environmental
Design) points in the USGBC's (U.S.
Green Building Council) and CaGBC's
(Canada Green Building Council)

LEED programs.
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Tercem 3000°
Blended Hydraulic Cement

Properties of “Fresh Concrete”

Water requirements — Tercem 3000 contains silica fume, which is a very fine material
that generally requires the careful selection of admixtures to control water demand
and slump loss to maximize the performance of the mixture. A properly designed
mixture containing Tercem 3000 should have excellent slump retention even at low
water to cement ratios.

Air Content — When changing any mixture ingredients, the air-entraining dosage
should be checked and adjusted if necessary.

Segregation and Bleeding — Concrete containing this cement may have reduced bleed
water, or bleed water may not be present at all. This product helps reduce segregation.

Heat of Hydration — Care should be taken when using this - or any other - cementitious
product in mass concrete to insure the temperature gradients do not exceed those
recommended by industry standards or by specification limits.

Setting Time — Setting time of Tercem 3000 is generally equivalent to GU or T-I/1l
cement.

Finishability - Finishability of concrete containing Tercem 3000 is similar to portland
only mixtures. However, finishability is improved when compared to binary mixtures
incorporating portland cement and silica fume.

Pumping - Pumpability of concrete containing this cement is generally equivalent or
better than concrete containing straight portland cement.

Proportioning — Use of this cement does not require special proportions. Proportions
should be selected according to ACI 211 and final mixtures should conform with
applicable provisions of CSA 23.1. Trial batches should be done before using this
cement in order to define the proportions required for strength and durability.

Curing - Proper curing of all concrete is essential. Special attention to curing is
necessary when using Tercem 3000 due to the reduction of bleed water and should
begin immediately after finishing. Surface cracking will occur if the concrete is
allowed to dry prematurely.

Properties of “Hardened Concrete”

Strength — Proper use of this cement enhances compressive and flexural strengths
when compared to concrete containing straight portland cement.

Permeability - In a properly designed mixture, concrete containing Tercem 3000 will
dramatically decrease permeability compared to concrete containing portland cement.

Alkali-silica Reactivity (alkali aggregate reaction) — Test data shows that Tercem
3000 increases the resistance to alkali silica reaction. The ability to mitigate ASR should
be confirmed using actual project materials.

Resistance to Sulfate Attack — Tercem 3000 can be used as part of a system to
improve the resistance of concrete to sulfate attack. The ability to mitigate sulfate
attack should be confirmed using actual project materials.

Freeze-Thaw Resistance — Tercem 3000 shows good freeze-thaw resistance when
tested in accordance with ASTM C-666 for freeze-thaw resistance. As with all
concrete, for good freeze-thaw resistance, a properly designed mixture that is finished
and cured inaccordance with ACI and CSA specifications and standards is essential.

Deicer Scaling — Tercem 3000 meets all the specification limits of BNQ 2621-900 and,
when tested in accordance with ASTM C-672, shows good deicer scaling resistance.
As with all concrete, for good scaling resistance, a properly designed mixture that

is finished and cured in accordance with ACI and CSA specifications and standards

is essential.
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General Statement

Tercem 3000 is a hydraulic
cement containing a blend of
silica fume, granulated blast
furnace slag and portland
cement. This cement is generally
used in high performance
applications, where enhanced
strength and/or durability
properties are required. To
achieve these and other special
properties, particular care is
needed when proportioning,
batching, placing, finishing
and curing concrete containing
this product.

Precautions

Direct contact with wet cement
should be avoided. If contact
occurs, the skin should be
washed with water as soon as
possible. Exposure can cause
serious, potentially irreversible
tissue destruction in the form
of chemical (caustic) burns.

If cement gets into the eyes,
immediately rinse thoroughly
with water and seek medical
attention. For more information,
reference the applicable Lafarge
Material Safety Data Sheet
(MSDS). The MSDS should be
consulted prior to use of this
product and is available upon
request and online at
www.lafarge-na.com.
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